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At least 5-8 × 10 6 CD34 + cell/kg are required in autologous stem cell grafts to ensure rapid hematopoietic recovery after myeloablative therapy and autologous stem cell transplantation (ASCT). 1 There are currently several different methods of blood stem cell mobilization (BSCM). Many patients mobilize blood stem cells well following treatment with G-CSF 5-10 g/kg alone or with a combination of moderately dosed chemotherapy plus G-CSF. 1, 2 The remaining patients often require more expensive methods of BSCM such as higher dose chemotherapy plus G-CSF, 3, 4 higher G-CSF doses up to 32 g/kg, 5 or combinations of chemotherapy, G-CSF and stem cell factor (Stemgen; Amgen, Thousand Oaks, CA, USA). 6, 7 Better predictive factors of BSCM are needed to identify the patients who require these potentially more effective, but also more toxic or expensive methods of BSCM.
Factors previously reported to predict poor BSCM include the method of BSCM, marrow infiltration by tumor, prior radiotherapy, number of cycles or duration of prior chemotherapy, repeated cycles of chemotherapy and G-CSF, and the use of certain chemotherapy agents that are especially toxic to stem cells such as BCNU, melphalan, chlorambucil or mitomycin C. 2, 3 In addition, the platelet count predicts BSCM, possibly because it reflects marrow damage from prior therapy. 8 The possible associations between BSCM and lymphocyte or NK cell counts have not been adequately explored. The lymphocyte count, particularly CD3 + 4 + count, is known to be very sensitive to cytotoxic therapies in adults. 9 Therefore, the lymphocyte count may predict BSCM if the impact of the most recent cytotoxic therapy is relevant to BSCM. Conversely, the NK cell count recovers early following cytotoxic therapy, and therefore, may predict BSCM through a possible association with cumulative damage to the stem cells or marrow stroma. [10] [11] [12] [13] The purpose of this study was to determine if an independent association exists between B or T lymphocyte or NK cell counts and BSCM.
Patients and methods

Patient characteristics
As a quality assurance project to follow immune recovery after ASCT, we have measured immune cell counts at baseline and at 1 and 3 months post ASCT. Data were analyzed on 141 consecutive patients aged 19-69 years (median 45) who received combined chemotherapy plus G-CSF for BSCM, and who had measurements of immune cells prior to BSCM. Patient characteristics are listed in Table 1 . Peripheral blood counts prior to BSCM are listed in Table 2 . , n = 11); or (3) other chemotherapy (n = 4). The intention for these latter 77 patients was to receive chemotherapy that was disease-specific and dosed to produce short-duration neutropenia and thrombocytopenia that would not require platelet transfusion. Before combining these patients together, we analyzed them by chemotherapy regimen and found no evidence that any one regimen was significantly better or worse at mobilizing blood stem cells. These 77 patients received daily G-CSF 300 g (Ͻ70 kg) or 480 g (Ͼ70 kg) s.c. starting on day 7 or 8, and underwent apheresis on day 13 or 14.
Peripheral blood CD34 + (PBCD34 + ) cell counts were monitored each morning prior to planned apheresis. Apheresis took place when all of the following existed: a PBCD34 + count Ͼ10 × 10 6 /l, platelet count Ͼ50 × 10 9 /l, and WBC Ͼ5 × 10 9 /l. There was always an attempt to target peak PBCD34 for the first day of apheresis. All patients underwent large volume apheresis via a central venous apheresis catheter. The apheresis was monitored by CD34 + counts from the collection bag every 4 litres until target CD34 + yields were obtained. Apheresis was discontinued for: (1) target CD34 + yield (usually 5 × 10 6 /kg); (2) platelet counts dropping below 40 × 10 9 /l; (3) complications such as bleeding or citrate toxicity; or (4) decreasing CD34 + cell collection per litre apheresis during the procedure to levels deemed unsatisfactory to continue. Apheresis was performed with a continuous flow cell separator (Cobe Spectra, Cobe Canada, Scarborough, Ontario, Canada) processing 5-30 litres of blood/day at flow rates of 50-80 ml/min. If on the first day of apheresis over 20 litres of blood were processed and Ͼ3 × 10 6 CD34 + cells/kg were collected, a second apheresis procedure was usually not performed. Since a fixed number or volume of aphereses were not performed, it was not appropriate to use the total number of CD34 + cells/kg collected as the dependent variable in this study. The technique for blood stem cell cryopreservation has been previously described. 3 Flow cytometric analysis of CD34 + cells was performed using an EPICS XL flow cytometer (Beckman Coulter, Hialeah, FL, USA). CD45-FITC (J33) and CD34-PE (581) (Beckman Coulter, Brea, CA, USA) antibodies were added to 100 l of peripheral blood using reverse pipetting technique to ensure accuracy. Samples were incubated for 10 min at room temperature in the dark and then lysed using the Beckman CoulterTQ-Prep system. One hundred l of Flow Count beads (Beckman Coulter) were added to each tube. Data from four parameters were collected for analysis: forward scatter (FS), log side scatter (LSS), LFL1, and LFL2. Acquisition was halted at 100 000 CD45 + events. Hematopoietic progenitor cells were identified and counted in two histograms (CD45 vs CD34 and FS vs LSS) using ISHAGE criteria: dim CD45 + , bright CD34 + , and forming a discrete cell cluster with larger FS signal than lymphocytes. The use of a known amount of Flow Count fluorospheres allowed the determination of absolute CD34 count directly from the flow cytometer.
Measurement of lymphocyte subsets and NK cells
Immunophenotyping was performed on whole blood using a three-color flow cytometric method. Approximately 1 × 10 6 white blood cells were added to a test tube with directly conjugated monoclonal antibodies and incubated for 10 min at room temperature. The monoclonal antibodies utilized to investigate T, B and NK cell lymphocyte subsets were CD3-PC5, CD4-PE, CD8-FITC, CD19-PC5, and CD3-FITC+CD16/56-PE (Immunotech, Marseille, France). Erythrocytes were then lysed using the TQ-Prep system (Beckman Coulter) and washed with phosphate-buffered saline (PBS). Cells were resuspended in 0.1% paraformaldehyde-PBS. Lymphocyte subset analysis was performed using an EPICS XL flow cytometer (Beckman Coulter), gating on the lymphocyte population identified in a forward scatter vs side scatter histogram.
Statistics
S-plus 2000-Modern Statistics and Advanced Graphics software (Mathsoft Inc., Seattle, WA, USA) was used for the data analysis. The peripheral blood PBCD34 counts on the first day of apheresis (PBCD34), CD34
+ cells collected per litre on the first day of apheresis, and CD34
+ cells collected per kg body weight on the first day of apheresis were summarized in conjunction with graphs. The summaries and graphs showed that these three variables were not normally distributed. Therefore we attempted to transform them into normal distribution and we found logarithmic transformation was suitable for all the three variables. A strong correlation between any two of these variables was identified using Pearson's product-moment correlation test (r Ͼ 0.9 for all). Based on this and the fact that the PBCD34 count is not affected by apheresis techniques, apheresis duration or patient weights, the PBCD34 count was used as the indicator of BSCM in the model-based analysis. The following factors were analyzed for predictors of BSCM: age, gender, diagnosis, disease status, marrow involvement, prior chemotherapy, prior radiotherapy, mobilization regimen, Hb, WBC, platelet count, B cell (CD19
, and NK (CD3 − 16 + 56 + ) cell counts. In univariate analysis, one-way analysis of variance was used for categorical variables, and Spearman's rank correlation was used for continuous variables. The association of B and T lymphocyte and NK cell counts with log PBCD34 was further evaluated using multiple regression analysis with other potential confounding Bone Marrow Transplantation variables being simultaneously controlled. These factors were all added into a linear regression model and removed in a backward stepwise manner for P values greater than 0.05. As an exploratory and complementary analysis, we also divided PBCD34 count and CD3 − 16 + 56 + count into two groups respectively by their medians and used logistic regression to assess their relationship while other potential confounding factors were simultaneously controlled.
Results
Measures of BSCM
The peripheral blood CD34
+ counts on the first day of apheresis (PBCD34) were 6-1783 × 10 6 /l (median 150), and CD34
+ cell counts on day 1 apheresis were 2-779.5 × 10 6 /l blood apheresed (median 61.7 × 10 6 /l), and 0.4-103.1 × 10 6 /kg (median 11.5 × 10 6 /kg). These three measures of BSCM were highly correlated. The Pearson's productmoment correlation coefficient between PBCD34 and CD34 + cell/l apheresed was 0.932, and after log transformation of the two variables the correlation coefficient was 0.960. The Pearson's product-moment correlation coefficient between the PBCD34 + cells and CD34 + cells collected/kg was 0.794, and after log transformation of the two variables the correlation coefficient was 0.910 (see Figure 1) . Finally, the correlation coefficient between CD34 + cells/l apheresed and CD34 + cells collected/kg was 0.874, and after log transformation of the two variables the correlation coefficient was 0.955. The PBCD34 + cell count is probably the most direct measure of BSCM because it is not affected by apheresis techniques, apheresis duration, or patient weights. For this reason the PBCD34 + cell count was used as the dependent variable in the remaining analyses. 
Univariate analysis of factors potentially associated with BSCM
The analysis of variance for categorical variables is shown in Table 3 . In this table, the median values were used as cut-off points for variables such as blood counts and age. Age and blood counts were also analyzed as continuous variables using Spearman's rank correlation. By this latter analysis, platelet count (P = 0.0451) and CD3 − 16 + 56 + count (P = 0.0097) were found to correlate with PBCD34 + cell count on the first apheresis day, whereas age (P = 0.6474), hemoglobin (P = 0.0595), WBC (P = 0.1551), lymphocyte count (P = 0.0585), CD3
+ count (P = 0. /l.
Multivariate analysis of factors potentially associated with BSCM
By multivariate analysis using continuous variables, relapsed status (P = 0.0003), not using DICEP mobilization + counts on the morning of apheresis.
(P = 0.0001), female gender (P = 0.0057), low platelet count (P = 0.051), and low CD3 − 16 + 56 + count (P = 0.0158) were associated with low PBCD34 counts.
Using categorical variables, the only factors that independently predicted a PBCD34
+ cell count less than the median value of 150 × 10 6 /l were: more than one prior chemotherapy regimen (odds ratio = 5.12, P = 0.0003), not using DICEP mobilization (odds ratio = 4.94, P = 0.0001), and a CD3 − 16 + 56 + count Ͻ125 × 10 6 /l (odds ratio = 2.58, P = 0.0157).
Discussion
Now that several alternative methods of BSCM exist, it has become increasingly important to predict when a patient will have difficulty mobilizing blood stem cells. Similar to previous studies, [1] [2] [3] [4] [5] [6] [7] [8] we found that the mobilization regimen and factors associated with cumulative marrow damage from cytotoxic therapy correlate with BSCM. The present study confirms previous reports that DICEP mobilizes stem cells more effectively than less intensive chemotherapy. 3, 4 All our patients received similar doses of G-CSF (4-7 g/kg) and did not receive stem cell factor. The impact of cytokine choice or dose could, therefore, not be assessed.
We did find that low platelet counts and relapsed disease status were associated with poor BSCM when the data were analyzed using continuous variables, whereas more than one prior chemotherapy regimen was associated with BSCM when the data were analyzed in a categorical manner. These factors probably relate to cumulative marrow damage from prior cytotoxic therapy. Patients with primary refractory disease and those in first remission received less chemotherapy prior to BSCM than did relapsed patients. Previous studies have also found low blood counts predict poor BSCM. 8, 14 Due to missing data, we could not analyze other factors that may have affected BSCM such as the use of repetitive cycles of G-CSF with recent chemotherapy, interval from most recent chemotherapy to BSCM, cumulative duration of uninterrupted chemotherapy prior to BSCM, and marrow cellularity pre-BSCM. [15] [16] [17] [18] Of most interest, the present study suggests that peripheral blood CD3 − 16 + 56 + cell counts may independently predict BSCM. The surface immunophenotype of NK cells consists of CD16 and CD56 expression. Other markers associated with mature NK cells are CD2, CD7, CD8, CD11a, CD11b, CD45, and CD69. 19 These additional markers were not measured in this study. We measured the CD3 − 16
+ 56 + population to be certain that this population was different to the T cell population. The CD3 − 16 + 56 + cell population is known to possess properties of NK cells including the ability to lyse autologous or allogeneic tumor cells lines and virus-infected cells without prior sensitization. 19 We speculate that the NK cell count correlates with BSCM by reflecting the health of the marrow stem cells and stroma. Marrow damage by prior chemotherapy unquestionably affects BSCM. 2 The effects of chemotherapy on NK cell numbers have not been extensively studied. 15 In some studies, there appeared to be only a transient decrease in the number of CD16
+ 56 + cells after different chemotherapy regimens, and this decrease recovered by the beginning of the next cycle of treatment. 10, 11 In some studies, no decrease at all was found in CD16 + cells after chemotherapy. 12 In contrast Brenner and colleagues 20 found that the cytolytic NK cell progenitor pool was reduced but the ability of individual NK cells to lyse target cells was unaltered. Another study demonstrated that chemotherapy may transiently suppress NK cell activity, but the activity returns to pre-treatment levels within 3 weeks. 11 It is possible that NK cells recover quickly after drug-induced pancytopenia so that the body's immune system is rapidly capable of fighting infections that may have occurred during neutropenia. NK cells recover approximately 3-4 days earlier than neutrophils and monocytes after autologous or allogeneic peripheral blood stem cell transplantation. 21, 22 Recovery of NK cell numbers after transplantation of CD34-selected BM or PBSC is also rapid. 23 Collectively, these studies suggest that the differentiation of NK cells from BM progenitor cells occurs rapidly without restriction of thymic involvement. 24, 25 It is understandable, therefore, that the numbers of NK cells correlate with numbers of CD34 + cells, and in turn predict BSCM. It is also possible that NK cell numbers indirectly predict BSCM because they reflect the health of marrow stroma.
Miller and colleagues 26 have demonstrated that NK cells can be derived from primitive human marrow progenitors in a modified long-term stroma-dependent culture system. They found that commitment to the NK lineage from primitive marrow progenitors required an adequate marrow stroma microenvironment. 13 Conversely, other studies have shown that direct contact with stroma is not required for early differentiation of other myeloid cells from primitive progenitors. 27 The stroma may in turn be associated with BSCM because it produces cytokines required for proliferation and release of stem cells from the marrow. 
16
+ 56 + counts and BSCM is the fact that NK cells themselves may directly play a role in BSCM through the production of cytokines such as IL-12 that stimulates BSCM, or through the production of proteolytic enzymes that cleave VCAM-1 and release stem cells from marrow stroma. Against this hypothesis, however, is the fact that IL-2 plus G-CSF decreases BSCM relative to G-CSF alone. 30 This is despite an increase in NK cells and mononuclear cell cytotoxicity in the stem cell products mobilized with IL-2. 30 Therefore, simply increasing NK cell numbers does not seem to improve BSCM. All of these possible explanations are simply conjecture and need to be evaluated in appropriate studies.
The major importance of our finding regarding CD3 −
+ 56 + cells is the potential usefulness of having a baseline blood test that predicts BSCM. Although the CD3 −
+ 56 + count was more strongly associated with BSCM than any other blood count in our analysis, we feel that it cannot be used for clinical decision-making at this time. We only studied 77 patients who underwent mobilization with moderate-dose chemotherapy and G-CSF. Perhaps a larger study could better identify predictors for low CD3 −
+ 56 + counts, and identify certain subgroups where the CD3 − 16 + 56 + count would have particular relevance for predicting BSCM. No such subgroup could be identified in this study.
Other than the baseline platelet count, the only other blood marker that has been reported to possibly predict BSCM is the baseline peripheral blood CD34 + (PBCD34) count. Fruehauf and colleagues 31 recently reported a small series of 40 healthy allogeneic donors who received G-CSF for BSCM. They reported mean baseline CD34 + cell counts of 1.34 and 0.523 × 10 6 /l in two groups of patients. The group with the higher CD34 + cell count received G-CSF 10 g/kg/day while the other group received G-CSF 20 g/kg/day. Both groups went on to mobilize equally well (PBCD34 + of 78 cell counts × 10 6 /l in both groups). The authors inferred from these results that it is beneficial to measure baseline PBCD34 + cell counts and use higher G-CSF doses for BSCM if the PBCD34 + cell count is low. Unfortunately, the sample size was small and another explanation of these results is that PBCD34 + cell counts do not predict BSCM. In terms of other candidate markers of BSCM, a low CD4 + count is associated with poor BSCM in the setting of HIV-1 positive patients. 32 However, such an association has not been reported for HIV-1 negative patients. Finally, a bone marrow CD34 + /CD71 − content of 30/l was associated with CD34 + cell yield (3.12 vs 2.19 × 10 6 /kg, P = 0.013) in 34 breast cancer patients. 33 Quantitating CD34
+ cells on bone marrow aspirates is complicated, however, by variability in volume of aspirate and contamination with peripheral blood. Such a report, therefore, needs to be reproduced after standardization of sampling and testing methods.
There are several limitations to the present study. Of most importance is the fact that the patients were heterogeneous in terms of diagnosis, prior therapy and BSCM regimen. This heterogeneity, however, allowed linear regression analysis to identify factors that had the strongest independent correlation with BSCM. In addition, we analyzed several blood cell types for association with BSCM. ؉ 56 ؉ cell count predicts autologous BSCM DA Stewart et al
The study results therefore, may be criticized because of multiple comparisons, and the association between CD3 − 16 + 56 + NK cell counts and BSCM may arguably have been due to chance. The ability of NK cell counts to predict BSCM definitely needs confirmation prospectively by other centers in more homogeneous patient populations. The univariate analysis was conducted mainly to help in selection of variables used in model-based analysis and the P values were presented for descriptive purposes only. With this consideration, no multiple comparison adjustments were made. In our multivariate analysis, we evaluated further the association identified in univariate analysis between NK cell counts and PBCD34
+ cells with other potential confounding variables being simultaneously controlled. It seems that no factors clearly confounded this relationship between NK cell counts and PBCD34 + cells. For the analysis using categorical data, we arbitrarily chose cut-offs based on the median values. This analysis, therefore, is somewhat less reliable than the regression analysis using continuous variables. The analysis using categorical data is included because it demonstrates the same association between CD3 − 16 + 56 + count and BSCM as the regression analysis, and the hazard ratio gives some idea as to the magnitude of the association. Nevertheless, it is understandable that the other variables may be slightly different than the regression analysis due to the arbitrary cut-offs chosen.
In conclusion, the CD3 − 16 + 56 + cell count was found independently to predict BSCM in this heterogeneous group of patients. It may be a useful predictor of BSCM in addition to measures of the extent of prior cytotoxic therapy and warrants further study to determine if it can help better to target patient groups who require more or less intensive regimens for BSCM.
